Using a cDNA for an abundant Trypanosoma cruzi mRNA as probe, we have cloned and sequenced a gene which is organized in at least 20 nearly perfect tandem repeats of 940 base pairs. The 5' end of the mRNA has been sequenced by primer extension and found to contain a 35 nucleotide mini-exon (or spliced-leader) sequence that is ubiquitous in trypanosane mRNAs. This sequence, however, is not present in the tandem genomic repeats which encode the exon containing the major portion of the mRNA. Previous studies have shown that the 35-nucleotide sequence is encoded by a separate tandem gene family. One model to explain the formation of a segmented mRNA invokes priming of transcription by a small RNA which contains the leader sequence at its 5' end. However, northern blot analysis of total trypanosane RNA reveals a ladder of molecules larger than the mature mRNA, which appear to be faithful multimeric copies of the tandem gene. The discrete sizes of these RNAs correspond to those expected for partially processed precursors. These observations lend credence to the possibility of an alternative model where segmented mRNAs are generated by inter-molecular splicing.
INTROOtCTION
Recent studies on the structure of Trypanosoma brucei messenger RNA's have revealed an unusual sequence organization where the majority, if not all mRNAs share identical 35-nucleotide termini. These short 5'-terminal sequences, originally termed mini-exons (and, more recently, spliced leaders or SL sequences) were discovered in Trypanosoma brucei variable surface glycoprotein mRNAs (1, 2) . Subsequently SL sequences were found to be present in non-VSG gene products of T^ brucei (3, 4, 5) as well as in genanic DNA of other species of trypanosomes including T\_ cruzi (6, 7) . In the case of VSG genes all attempts to map SL-coding DNA immediately upstream of the sequences coding for the main body of the mRNA have been unsuccessful. This analysis has been carried to its logical limit for at least one specific VSG genotype, and indeed the SL sequences can not be detected in the entire chromosome which carries the expression-linked copy of the VSG sequence (8) .
Genes encoding the SL sequence have been characterized and sequenced in
•Tj_ brucei, T. vivax, T.cruzi, and h^ collosoma (3, 6, 9, 10, 12) .
The genes are clustered in tandem arrays, with a few scattered orphons, and their overall reiteration frequency is about 200 copies per genome. The repeating units are of uniform length, but their aize varies among different trypanosane species. These tandem genes are abundantly transcribed (11) (12) (13) , yielding a snail RNA product whose length (98-140 nucleotides, approximately) is also species-specific. An SL sequence resides at the 5' end of this small RNA, and is apparently utilized to generate mRffl 5' ends via a trans-acting mechanist! which remains to be elucidated.
In this report we describe a tandanly organized gene from Trypanosoma cruzi whose structure and transcriptional expression is of considerable interest with regard to the mechanism of raRNA formation in these organisms.
MATERIALS AND METHODS

DNA Extraction and Construction of Qenomic Clones
Total DNA from T^_ cruzi strain Y epimastigotes cultured in LIT (14) was isolated as described (15) . The DNA was incubated with BamHl to generate a partial digest, and electrophoresed in a preparative lane of a 1% agarose gel. The material was electrotolotted for 2 hours at 4.5 volts/cm, to two adjacent membranes. On one side was a 1 cm. wide vertical strip of Gene Screen Plus (New England Nuclear, Boston, Mass.) and next to it a 7 cm. wide strip of NA-45 DEAE (Schleicher & Schuell, Keene, N.H.). After electroblotting the strip of Gene Screen Plus was hybridized with labeled plaanid containing the 1F8 cDHA insert (16) in order to localize the ladder of gene fragments generated by the partial digest (refer to figure IB) . The Gene Screen membrane was then aligned with the DEAE membrane to locate the diner, and trimer fragments. Horizontal DEAE membrane strips of about 2.5 mm. X 70 mm. were cut with a razor blade, and the bound DNA was recovered as described (17) . This DNA was inserted in the BamHl site of PU>13 (18) , and clones were isolated by high density colony hybridization (19) . DMA Analysis and Sequencing Southern blot hybridization was carried out using standard procedures, except that in sane cases we used gels of high agarose content (2.5% -4.0%) in tne presence of 40% formamide (20) . To sequence the genomic clones we generated a series of deletion subclones using exonuclease III treatment followed by SI nuclease digestion (21) and Klenow filling. Individual plaanid preparations that had been subjected to increasing times of ordered deletion were pooled and electrophoresed in an agarose gel. Size cuts separated by intervals of 300 base pairs were isolated by band interception with NA-45 DEAE menbrane (17) . The ordered deletion fragments were subcloned in M13MP11 (22) and sequenced using the Sulfur-35 dideoxy method (23) .
RHA Analysis and Primer Extension Sequencing
Total cellular RNA was isolated from epimastigotes using the proteinase K and sodiun perchlorate method (24) . Contaminating DNA was removed by digestion with RNase-free DNase (25) . Northern blot hybridization analysis was carried out by standard methods (26) , except that the agarose gels contained 50% percent formamide and 1.5M formaldehyde. We have observed that in the presence of these two reagents the mobility plot for denatured DNA marters snows relatively good agreement with the mobility of riboscmal RNA's of known size (27) . Primer extension sequencing of the 5 1 terminus of 1F8 mRNA was carried out by standard methods (28) . The DNA priiner fragment was labeled at the 5 1 ends with polynucleotide kinase and hybridized to total epimastigote RNA under R-looping conditions. The reverse transcriptase product was sequenced using the chemical method (29) .
RESULTS
Isolation £f a Tandanly Repeated Qenomic Clone Using the 1F8 cDNA Probe rte have described elsewhere (16) the isolation and sequencing of a cDNA clone corresponding to a highly abundant messenger RNA from T^ cruzi. This cDNA, called 1F8 codes for a polypeptide of unknown function, whose predicted amino acid sequence shows strong hotnology to a number of calcium-binding proteins such as troponin and myosin. Using labeled 1F8 cDNA as probe, we examined the genomic organization of this sequence by Southern blot hybridization. The pattern obtained after cleavage of epimastigote DNA with four different restriction enzymes was identical, and consisted of a single band at about 940 bp (Fig 1A) . One explanation for this unusual result is the presence of multiple gene copies organized in a tandem head-to-tail fashion. If this were the case, all enzymes that cleave only once in the repeat unit should cut out fragments of the same unit length. Subsequent analysis of the time course of digestion with Hindlll ( Fig IB) revealed a ladder pattern of bands in the partially digested genomic DNA, with all sizes being multiples of 940. Thus the genes which presumably code for the 1F8 mRNA are indeed organized in a tandem array which contain at least 20 adjacent repeats as judged by the longest ladders observed on partial digests. Semi-quantitative signal comparisons in Southern blots containing known amounts of pTClF8 DMA as copy-number standards yielded a copy number of 30 genes per haploid Figure 2^_ Nucleotide sequence of 1F8 genanic repeat unit. The sequence shown here is derived fran one of the two consecutive genomic repeat units (1880 Dp, flanked at either end by the BamHl site located at position 662) that were sequenced in their entirety, except for a stretch of 40 nucleotides in one of the two repeats. Those 40 nucleotides which were sequenced only once in the genanic clone were contained within the presumed protein coding region in the original 1F8 cDNA clone. The T at position 446, which agrees with the cDNA sequence (16) was substituted for a C in one the genanic repeats. The TG at positions 475-476 is in disagreement with the cDNA sequence, which contains GT at those positions. The asterisks at the top left mark the oligo GT sequence found at every repeat. The "•" symbols near the bottom indicate a candidate site for poly-A aridition, based on its precise homology to the sequence AACACC preceding the poly A in VSG mRNAs. An even stronger similarity to the 3 1 end of laTat 1.2 VSG mRNA (30) is indicated by asterisks. The markings "met" and "ter" demarcate the beginning and end of the only large open reading frame in the sequence. The fine arrows at position 116 indicate the site of a discontinuity in the mRNA produced by this gene. The doubly underscored regions mark the 160 bp domain used as an "inter-exon" probe in Figure 5 .
array show a single band of very high molecular weight (greater than 25 kb) and no hybridization signals on snaller DNA fragments, hence there is no evidence for the existence of orphon (unlinked) copies of the gene. Long radioautographic exposures of Southern blots which display the 940 bp monomer reveal two faint bands whose size varies according to the enzyme being used. These may represent flanking fragments (data not shown).
The high abundance of the 1F8 genomic sequences allowed us to isolate gencmic clones directly in plasnids, after partial BamHl digestion of total T^ cruzi DNA. Clones were obtained with either two or four tandem repeats in the insert. The clone containing a dimeric insert (188U bases) was sequenced in its entirety, except for a stretch of 40 base pairs in the protein coding region of one of the repeats. The sequence of a single repeating unit is shown in figure 2 . The genamic sequence diverged from the cDNA sequence at two positions (see bases in parenthesis in the middle of the figure) one of which was located at a wobble nucleotide in the open reading frame (position 446 in the sequence). The change of GV for TG at positions 475 and 476 would introduce a substitution of a leucine instead of an arginine in the presumed amino acid sequence. A notable feature of the genamic sequence is the occurrence of 9 consecutive repeats of the dinucleotide Gf (see bases 1-18) every 940 base pairs. The presumed initiator AUG is found approximately 150bp downstream of the oligo-GT sequence. The sequence AACACCGror, which occurs about 50bp downstream of the translation terminator TGA, closely resembles the sequence AACACCTGT which imned lately precedes the poly A sequence at the 3' end of the IaTat 1.2 VSG mRNA (30) . The sequence AAGYX is present near the 3' end of virtually all VSG mRNAs (30) and must therefore be considered a likely candidate site for polyadenylylation in 1F8 mRNA. The sequence AAAATTTT, which often precedes the poly A addition site in VSG genes of T^ brucei does not occur anywhere in the untranslated regions of the 1F8 gene, and therefore is probably not a good candidate for a general trypanosome poly-A addition signal. Nucleotide Sequence at the 5^ End of 1F8 mRNA To determine the RNA sequence at the 5 1 end of the 1F8 RNA we carried out a primer extension experiment using reverse transcriptase and a DMA fragment beginning at a Hinfl site which is found 24 bp downstream of the 5' end of the original 1F8 cONA clone. The results of this sequencing experiment are shown in sequence. Instead, they correspond exactly to the predicted sequence of a trypanosome spliced leader, based on the sequence of genanic clones coding for T.cruzi SL RNA (6, 12) . The site where the genanic sequence diverges fran
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• 1078 -^-940 •872 Figure 4 . Size distribution of RNA' s hybridizing to 1F8 cDNA probe. Total RNA was extracted from jT^ cruzi and treated with DNA'ase as described in Materials and Methods. The RNA, together with suitable DNA size markers, was electrophoresed in a 2.5% agarose gel containing 1.2M formaldehyde and 501 formamide, and subsequently blotted to nitrocellulose. The hybridization probe was clone pTClF8-550 which bears a 1F8 cDNA insert. Hybridization was carried out as described in Materials and Methods, at a temperature of 53 degrees Centigrade. Lane 1: phage lambda DNA cleaved with Hindu I; Lane 2: RNA from epimastigotes; Lane 3: Total genomic DNA from T. cruzi cleaved partially with BanHI; Lane 4: phage phi X-174 DNA cleavid" with Haelll. The large arrows point to the two bands of IF8 genomic DNA monomer and dimer generated by the partial digest. Numbers are approximate lengths, in bases.
the mRNA sequence contains the sequence CAQ/GT and is preceded by a fairly pyrimidine-rich domain. These sequence features are reminiscent of the consensus sequence for a 3' splice site in higher eukaryotes. Size Distribution of_ 1F8 Transcripts The size of RNA molecules containing the 1F8 sequence was investigated by northern blot hybridization using nick-translated cDNA as probe. Size markers were provided by T\_ cruzi genomic DNA fragments generated by partial cleavage with BamHl (as in figure IB, lane 4) . The agarose gel system used in this experiment contained 50% formamide and 1.5M formaldehyde, which together provide a strong denaturation criterion. The pattern of hybridization shows a major band at approximately 900 nucleotides in the RNA obtained from the insect form of the parasite (Fig.4, lane 2) . A less abundant hybridizing RNA migrates at approximately 1900 nucleotides, very close to the 1880 nucleotide DNA dimer band generated by the partial BamHl digest. This RNA band has been Figure j^ Hybridization of putative 1F3 mRNA precursor molecules with a coding DMA probe versus an "inter-exon" DMA probe. RNA from epimastigotes was electrophoresed and blotted as in figure 4 , except that the DNAse treatment was omitted to maximize the integrity of large RNA molecules. Samples 1,2/3 were hybridized with the pTClF8-550 cDNA probe, while samples 4,5,6 were hybridized with an "inter-exon" DMA probe (refer to Figure 2 The radioautographs were exposed for 14 days with two intensifying screens. The letter "a" indicates the major 1P8 mRNA band. Letters "b" trough "i" indicate larger lF8-related RNAs. observed in several experiments, and its abundance is variable, perhaps being influenced by the speed with which cultures are harvested. Experiments where the concentration of formaldehyde in the gel loading buffer was varied have ruled out the possibility that the band is the result of a cross-linking artefact. Melting of the hybridized RNA in 50% formamide, 2XSSC at increasing temperatures (data not shown) results in concomitant release of label from both the 900 and 1880 nucleotide RNA bands, suggesting that both hybrids are equally stable.
To investigate further the nature of the larger RNA the northern blotting experiments were repeated using as probe an "inter-exon" restriction fragment which encompasses 160 bp between a HgiAI site downstream of the presumed poly A addition site and a BssHII site just upstream of the splicing site in the 1F8 map (see doubly underscored region in Figure 2 ). This probe should not hybridize with mature 1F8 mRNA, but should detect any transcripts of the 1F8 gene which contain sequences flanking the 736-nucleotide exon. . This experiment shows that the "inter-exon" domain of the 1F8 gene is transcribed together with the large exon, and gives rise to RNA molecules of discrete size classes, same of which are polyadenylated. The simplest interpretation of this data is that the ladder of larger RNA bards represents transcripts containing more than one repeat of the 1F8 tandem gene array. These larger RNAs may be metabolic precursors of the 900 nucleotide mature mRNA, but this ranains to be proven.
DISCUSSION
There are other published examples of tandemly organized protein-coding genes in trypanosames. For instance, the genes coding for alpha and beta tubulins have been reported to occur as alternating tandem arrays in both Tb rucei (31, 32) and Leishmania (33, 34) . In 1\ cruzi, however, the beta tubulin genes are not organized in perfect tandem repeats (our unpublished observations). The number of repeats of the 1F8 gene in T^_ cruzi (approximately 30) is greater than that of the tubulin genes of Tz. brucei (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . This frequency may reflect the requirement for a high transcriptional output of the messenger, since the intensity of 1F8 mRNA in northern blots indicates that it is roughly twice as abundant on a molar basis as beta tubulin mRNA (our unpublished results, obtained using a T^_ cruzi beta tubulin cDNA probe). An important question which remains to be answered is whether the hypothetical 1F8 promoter occurs once every repeating unit, as opposed to being located at a unique site upstream of the tandem array. Our present lack of knowledge about the sequence of trypanosome promoters precludes the tentative identification of putative promoter sequences in the non-coding spacer of the 1F8 tandem array. An interesting structural feature of the 1F8 tandem gene array is the presence of perfect oligo GV repeats between the open reading frames. The oligo-GT sequence may be a potential site for the formation of Z-DNA structure (35) , and could conceivably play a role in the establishment of a transcriptionally active chromatin domain (36, 37) .
Since we have not determined the nucleotide sequences flanking the 1F8 tandem array, we can not exclude the possibility that a 35 nucleotide SL coding domain would be present upstream of the 25-30 copies of the 940 bp repeating unit. However, if transcription were to start at such a site, it would provide a spliced leader for only one repeat of the tandem array. Given the high aoundancy of the mRKA, it seems unlikely that this gene cluster contains such a large number of perfect, yet non-functional repeats. We mentioned earlier that studies on variable surface glycoproteins in Tb rucei have essentially ruled out the hypothesis that the small leader sequence found in VSG mRNA is coded for by an upstream DNA element (see 7) . Rather, the available evidence suggests that the small leader sequence present in VSG's and in a variety of other mRNAs is derived in trans from the so-called SL RNA via a mechanism that is not yet understood (11) (12) (13) . It seems litely that T^ cruzi, just like T^ brucei, has evolved a mechanism which allows for the addition of an SL sequence in trans, obviating the requirement for genetic linkage. The fact that the genes coding for the SL small RNA in T\. cruzi, like those of African trypanosomes, are organized in tandem arrays (6,7) and abundantly transcribed (11) (12) (13) suggests that the operant mechanisms for spliced leader expression and ligation to mRNA are identical among all trypanosame species. Thus we tentatively conclude that the 1F8 mRNA of T^ cruzi is a segmented RNA molecule produced by two (probably unlinked) families of tandem genes, the 1F8 array, and the SL array.
The 900 nucleotide RNA detected in northern blot experiments is just aDout the right size for a product of the 940 bp tandem gene array which we have sequenced. The CAG/GT junction where the spliced leader is added is separated from the candidate poly A addition site by 736 bp. Adding 35 nucleotides contributed by the spliced leader and 50-100 nucleotides (estimated) for the poly A sequence we arrive at a predicted size of approximately 821-871 nucleotides for the 1F8 mRNA. As yet we have not demonstrated a precursor-product relationship between the ladder of larger RNAs and the 900 nucleotide mRNA. Figure 6 shows two models which, in our view, could most reasonably explain the experimental observations. These models are analogous to two of the four hypothetical schemes previously outlined by Milhausen et. al. (12) . In the scheme at the left of the Figure the SL RNA is proposed to serve as a primer for initiation by a trypanosane RNA polymerase at sites which could be located either downstream or upstream of the oligo(GT) sequence domain. Ttte primary transcript would then undergo cleavage and poly A addition at the appropriate site, and finally a conventional RNA splicing reaction would place the 35-nucleotide spliced leader at the correct position in the mRNA, with removal of a short intervening sequence. This model could be reconciled with the existence of larger size classes of 1F8 RNA by proposing that transcriptional termination is leaky and produces read-through transcripts, or alternatively, by proposing that there are multiple promoter-terminator combinations that can be used simultaneously. Further processing of multimeric transcripts would yield a single functional mRNA molecule because only one product would have a spliced leader.
The second hypothetical scheme proposes that the primary transcription product is a multimeric RNA molecule initiated at a site which could lie either inside or outside of the tandem DMA cluster. This long precursor molecule would be subsequently processed by two types of reactions, one a cleavage and polyadenylylation event and the other a novel intermolecular splicing reaction. In this reaction the donor site would be in the SL small RNA, just downstream of the 35-nucleotide spliced leader, and the acceptor site would be the CAG/CT junction in the multimeric precursor. The two molecules may interact by thecaseives or may be brought together by the trypanosome equivalent of Ul small ribonucleoprotein particles (the SPL entities in the diagram), which would presumably contain the splicing activity. This model predicts the possible existence of a variety of partially processed precursor molecules, some of which are outlined in Figure  6B . 1*1 ile some of the , -nRNA precursor molecules schematized in the diagram are shown with a spliced leader sequence at the 5 1 end, we have no evidence whatsoever as to the presence or absence of a spliced leader in the precursor-sized RNA detected in the northern blot experiments. It is remarkable, however, that the predicted size classes shown in figure 6B (975-990, 1760, 1915-1930, 2085 ) are in relatively good agreement with the estimated sizes of the molecules detected in northern blots with the "inter-exon" probe (1000, 1600, 1900, 2050). The intermolecular splicing model also predicts the existence of even larger precursor molecules, and indeed a set of three faint RNA bands migrating in the vicinity of 1F8 trimer DNA has been observed ( Figure 5 , "g,h,i"). Unfortunately their size could not be measured reliably in this experiment.
The available evidence is not sufficient to decide between the two models outlined above. There are well docuoented examples of primer-dependent transcriptional initiation in RNA viruses (38) (39) (40) (41) . A relatively minor problem with the priming model would seem to be the absence of a consensus sequence at the 3 1 end of SL RNA among various trypanosome species. However, in the case of host RNA-primed transcription of influenza virus there is no apparent requirement for sequence horology between primer and tanplate RNA' s (42) . The intermolecular splicing model has no precedent in other biological systems but in fact it provides the most reasonable explantion for the various size classes of 1F8 transcripts which we have observed. Zimmerm (43) has hypothesized that intermolecular RNA recombination is an attractive model for the expression of viroid genetic information during infection and could also provide a general mechanism for expanding the coding potential of genes in a combinatorial way. This latter phenomenon may be of adaptative value for organisms such as trypanoscmes, where such somatic recombination events would increase genetic plasticity and possibly facilitate changes in patterns of gene expression. While the 35-nucleotide spliced leader sequence does not code for protein, the possibility of post-transcriptional combinatorial joining of other (coding) exons remains to be explored. Such a situation could be diagnosed by looking for trypanosome cDNA clones in which adjacent restriction fragments within an open reading frame map at totally different loci on genomic Southerns. The availability of plaanid systems for the generation _in vitro of functional RNA transcripts (44) makes it possiole to generate multimeric RNA' a frcm cloned 1F8 tandem arrays. Using such transcripts one could test whether cell-free extracts from trypanoscmes can modify a multimeric precursor RNA to generate spliced products via intermolecular ligation. The design of suitable _in vitro transcription systems for the study of trypanosome polymerases should permit the the analysis of the hypothetical priming reaction. Thus, the tools are at hand to test the validity of the two alternative models discussed here.
An important question which remains to be addressed concerns the existence of trypanosome nuclear RNP particles analogous to the so called 01 snurps of higher eukaryotes. These particles, which contain Ul snail nuclear RNA have been implicated as central components of the mRNA splicing machinery of eukaryotic cells (45) (46) (47) (48) (49) . He have recently identified three trypanosome small RNA molecules which bear a 2,2,7-trimethylguanosine cap structure at their 5 1 end. One of these RNA' s shows considerable primary sequence nosology to hunan Ul snRNA (manuscript in preparation) , thus it seems reasonable to assume that Ul-snurps do exist in trypanosomes. Whether these particles play a role in the generation of discontinous mRNAs, possibly mediating an intermolecular RNA splicing reaction remains an exciting subject for future work.
